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(57) Abstract 

An electric assist steering system (10) in- 
cludes a torque sensor (16) that provides an ap- 
plied torque signal (24) indicative of applied steer- 
ing torque. A motor position sensor (36) provides 
a motor position signal (40) indicative of the rela- 
tive position between the rotor and the stator of an 
AC permanent magnet electric assist motor (22). 
A first controller (26) controls energization of the 
electric assist motor and a second controller (54) 
calculates a DQ vector value in response to ap- 
plied steering torque and motor position. The sec- 
ond controller (54) also transforms the monitored 
motor current and position into DQ values. The 
second controller (54) compares the DQ values 
responsive to applied steering torque with the DQ 
value from monitored motor current and position. 
The electric assist motor (22) is disabled if the 
comparison indicates inconsistent results. 
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APPARATUS AND METHOD FOR CONTROLLING AN ELECTRIC ASSIST 

STEERING SYSTEM 



Technical Field 

The present invention relates to an apparatus and 
method for controlling an electric motor and, more 
particularly, to a method and apparatus for controlling 
an electric assist motor in an electric assist steering 
system. 

Background of the Invention 

Motor control systems for electric assist steering 
systems typically are equipped with various circuitry 
and controls for monitoring and detecting abnormal 
conditions in the electric motor being monitored. For 
example, it may be desirable to detect when the 
electric motor is not commutating properly or when the 
motor or the drive circuitry has overheated. U.S. 
Patent No. 5,257,828 and U.S. Patent No. 5,517,415, 
both to Miller et al . and assigned to TRW Inc., 
disclose approaches for detecting abnormal conditions 
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in an electric assist steering system and for 
controlling the electric assist motor accordingly. 

U.S. Patent No. 5,726,545 discloses a method for 
controlling electric current in a servo motor using DQ 
conversion for converting three-phase current into a 
two-phase DQ reference coordinate. 

U.S. Patent No. 5,670,854 to Matsuura et al. 
discloses a control system for an induction motor in an 
electric assist steering systems where the induction 
motor does not include permanent magnets. The Matsuura 
et al. patent further discloses using DQ conversion in 
the control process for the electric assist motor. 

Summary of the Invention 

The present invention is directed to a method and 
apparatus for controlling an electric assist steering 
system. A first set of motor control values are 
determined in response to applied steering torque. The 
electric motor is energized in response to this first 
set of motor control values. When the motor is 
energized, it has motor operating values. Motor 
control values are determined from the motor operating 
values. A second set of motor control values are 
determined in response to applied steering torque. The 
motor is disabled when the determined motor . control 
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values from the motor operating values is inconsistent 
with the determined second set of motor control values 
responsive to applied steering torque. 

In accordance with another embodiment, motor 
current control values are determined in response to 
applied steering torque. A DQ controller transforms 
the determined current control values into three-phase 
drive signals which are applied to the motor. DQ 
values are determined from the monitored motor current 
and position values. DQ values are determined in 
response to applied steering torque. The DQ values 
responsive to applied steering torque are compared 
against the DQ values responsive to monitored motor 
current and position. The motor is disabled if the 
comparison indicates an inconsistency. 

Brief Description of the Drawings 

The foregoing and other features and advantages of 
the present invention will become apparent to those 
skilled in the art to which the present invention 
relates upon reading the following description with 
reference to the accompanying drawings, wherein: 

Fig. 1 is a schematic representation of a system 
in accordance with a preferred embodiment of the 
present invention; 
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Fig. 2 is a flow diagram illustrating the 
operation of a first controller of the system of Fig. 1 
in accordance with a preferred embodiment of the 
present invention; 

Fig. 3 is a flow diagram illustrating the 
operation of a second controller of the system of 
Fig. 1 in accordance with a preferred embodiment of the 
present invention; and 

Fig. 4 is a flow diagram illustrating the 
operation of the first controller of the system of 
Fig. 1 in accordance with an alternative preferred 
embodiment of the present invention. 

Description of a Preferred Embodiment 

Fig. 1 illustrates a vehicle electric assist 
steering system 10 that includes a vehicle steering 
wheel 12 connected to an input shaft 14. The input 
shaft 14 is operatively connected to a pinion shaft 18 
through a torsion bar (not shown) . The torsion bar 
twists in response to the torque applied to the vehicle 
steering wheel 12 to permit relative rotation between 
the input shaft 14 and an output shaft 18 in a known 
manner. A torque sensor 16 is operatively connected to 
the input shaft 14 and the output shaft 18 to sense the 
applied steering torque. The output shaft 18 is 
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operatively connected to steerable wheels schematically 
illustrated at block 20. 

Steering assist is provided through energization 
of an electric motor 22. Preferably, the electric 
motor 22 is a multi-phase motor such as a three-phase 
permanent magnet alternating current ("PMAC") motor of 
known configuration with phases A, B, and C. The PMAC 
motor 22 includes a plurality of stator poles disposed 
in a generally circular array around a rotor. Each of 
the stator poles includes a plurality of conductive 
windings which form phases A, B, and C. The rotor is 
rotatably disposed within the stator housing to rotate 
about a central axis. The rotor also includes a 
plurality of spaced apart poles arranged in a generally 
circular array with permanent magnets disposed on each 
pole. When the stator windings are energized by 
appropriate AC signals, the energized stator poles 
create an electric field which effects rotation of the 
rotor • 

The electric motor 22 may be operatively connected 
with a rack and pinion gear set of the vehicle. 
Alternatively, the motor 22 may be operatively 
connected with the steering column, such as to the 
pinion or output shaft 18. Advantageously, the 
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system 10 may be used in accordance with the present 
invention with either a rack drive, pinion drive, 
column drive, or any type of electric assist steering 
system. The system 10 also may be adapted for use with 
an electric powered hydraulic steering system. 

In order to control operation of the motor 22, the 
system includes the torque sensor 16 which senses the 
amount of steering torque applied to the steering 
wheel 12. The torque sensor 16 may be an inductive 
torque sensor, an optical torque sensor, a resistive 
torque sensor, or any other known type of torque 
sensor. The torque sensor 16 provides a signal 24 to a 
main controller 26 indicative of the amount of applied 
steering torque. 

The controller 26 preferably is a microprocessor 
or microcomputer programmed for controlling the 
electric assist motor 22 in response to one or more 
input signals, including the torque sensor signal 24. 
Other vehicle parameters 28, such as from a vehicle 
speed sensor, soft start control circuitry, and/or 
other desirable vehicle condition parameters, provide 
signal (s) 30 to the controller 26 indicative of the 
sensed parameters. The controller 26 also includes 
memory having a look-up table 29. 
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The controller 26 receives electrical power from a 
power supply, such as the vehicle battery 32 that has 
been appropriately filtered and maintained as a desired 
voltage level through a voltage regulator 34. 
5 A motor position sensor 36 is operatively 

connected with the electric assist motor 22 through 
connection 38. The motor position sensor 36 monitors 
the relative position of the rotor and the stator of 
the motor 22 and provides a motor position signal 40 to 

10 the controller 26. 

The controller 26 determines a current command 
value in response to the applied input torque 
signal 24, the motor position signal 40, and signal 30. 
Specifically, the controller 26 is preprogrammed to 

15 determine a level of motor current, suitably from 

values stored in the look-up table 29, according to the 
input torque signal 24, the input position signal 40, 
and other parameter signals 30. The determined level 
of motor current energizes the electric assist motor 22 

20 to provide an appropriate amount of steering assist. 

A motor control arrangement for an electric assist 
steering system is disclosed in U.S. Patent 
No. 5,475,289 to McLaughlin et al., which is assigned 
to TRW Inc. The McLaughlin et al. patent discloses an 
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apparatus and method for deriving the current command 
value by interpolating between current profile curves 
which are stored in appropriate memory. The 
interpolation performed by the controller 26 is similar 
to that disclosed in the McLaughlin et al . patent and 
may be linear or non-linear. The controller 26 
interpolates between current profile curves to derive a 
motor current command signal 42 for each of the 
plurality of phases of the motor 22. 

The motor current command signal 42 is supplied to 
a drive circuit 44 which, in turn, provides an 
appropriate amount of electric current to each of the 
plurality of phases of the motor 22. The drive 
circuit 44 is electrically connected through electrical 
connection 45 to a power supply, suitably battery 32 or 
a voltage regulator. Preferably, the controller 26 
includes a pulse-width-modulating circuitry that 
provides the output signal 42 in the form of a 
plurality of pulse-width-modulated signals. The 
pulse-width-modulated signals are provided to an array 
of switching devices, preferably FETs, which comprise 
the drive circuit 44. Accordingly, the FETs of the 
drive circuit 44 are pulse-width modulated by the 
current command signal 42 to provide a desired 
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alternating current to each of the phases of the 
electric motor 22 at a level commensurate with the 
applied steering torque. 

The controller 26 also is programmed to perform 
suitable diagnostics to ensure proper operation of the 
system 10 and, in particular, of the electric assist 
motor 22 and the drive circuit 44. In order to perform 
such diagnostics, the system 10 includes a temperature 
sensor 46 operatively connected to the drive circuit 44 
by a connection schematically illustrated at 48. The 
temperature sensor 4 6 provides a temperature sensor 
signal 50 to the main controller 2 6 indicative of the 
temperature of the drive circuit 44. 

The temperature sensing and diagnostic function 
preferably includes those disclosed in U.S. Patent 
No. 5,257,828 to Miller et al. which is assigned to TRW 
Inc. and incorporated herein by reference. The 
system 10 also may include stall detection circuitry 
through which the controller 26 may detect a motor 
stall condition in the electric assist motor 22. The 
stall condition, for example, may be detected by 
collectively monitoring the applied torque signal 24 in 
combination with sensing the commutation of the motor 
through a signal 47 from the motor 22 to the main 
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controller 26. An example of a suitable stall 
detection operation is disclosed in U.S. Patent 
No. 5,517,415 also to Miller et al., which is assigned 
to TRW Inc. and incorporated herein by reference. The 
5 stall detection function may also include a temperature 

dependent operation, whereby the system gain is 
controlled as a function of temperature. 

In accordance with the present invention, the 
system 10 also includes a secondary or overseer 

10 controller 54. The secondary controller 54 operates to 

verify proper operation of the electric assist motor 22 
in response to the applied torque signal 24. This, in 
turn, provides a system check on the control process 
performed by the main controller 26. The secondary 

15 controller 54 is electrically connected to a power 

supply, such as the voltage regulator 34. 

The secondary controller 54, like the main 
controller 26, receives the torque sensor signal 24 and 
the motor position sensor signal 40 as inputs. These 

20 input signals enable the secondary controller 54 to 

determine a motor voltage or motor current value. The 
motor voltage or current value corresponds to a 
respective motor voltage or current: that will provide 
the amount of steering assist corresponding to sensed 
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input torque. Accordingly , the secondary controller 54 
can compare the determined value with the actual motor 
voltage or current to determine if an abnormal 
condition exists. 

The secondary controller 54 also receives a 
signal 56 indicative of a monitored value of the actual 
voltage and/or current of each of the plurality of 
phases A, B, and C of the electric assist motor 22. In 
the preferred embodiment of Fig. 1, the system includes 
a voltage or current monitoring device 58 that is 
electrically connected with and monitors a voltage or 
current condition of each phase A, B, and C of the 
electric assist motor 22. The monitoring device 58 
provides the voltage or current signal 56 to the 
secondary controller 54. Preferably, the monitoring 
device 58 provides signals indicative of the actual 
instantaneous voltage value for each of the plurality 
phases A, B, and C of the electric assist motor 22. 
The monitoring device 58 also could be connected 
directly with the electric motor 22. 

In response the applied torque and motor position 
signals 24 and 40, respectively, the secondary 
controller 54 determines a DQ vector quantity, which is 
a two-dimensioned representation of the motor voltage 
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or current according to the applied input torque and 
motor position. The secondary controller 54 converts 
the DQ voltage or current vector into a three phase 
voltage or current, depending on whether the monitoring 
device 58 is configured to provide voltage or current 
values. If the converted phase values agree with the 
monitored phase values from monitoring device 58, 
operation of the electric assist motor continues under 
the control of controller 26 uninterrupted. However, 
if the converted phase values differ from the monitored 
phase values by a predetermined amount, the secondary 
controller 54 determines the occurrence of an 
abnormality and provides a signal 60 to disable the 
electric assist motor 22. 

Preferably, a power relay 62 is electrically 
connected with two or more phases of the electric 
assist motor 22 and responsive to the secondary 
controller 54. Accordingly, upon the power relay 62 
receiving the disable command signal 60, the power 
relay opens to disconnect the electric assist motor 22 
from its power supply 32, thereby removing steering 
assist. The vehicle can still be steered manually. 

As. stated above, the main controller 26 preferably 
utilizes a look-up table 29 to determine the current 
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drive signals in response to input parameters so as to 
control the electric assist motor 22. Necessary input 
parameters include the applied torque signal 24 and the 
motor position signal 40. 

Referring to Fig. 2, the process within the main 
controller 26 begins at step 100. In step 100, the 
applied input torque is monitored by the main 
controller 26 through the torque sensor signal 24. 
Next, at step 102, the main controller 26 monitors the 
relative position between the rotor and stator of the 
motor 22 through the motor position signal 40. 

The process proceeds to step 104. In step 104, a 
motor current value is determined in response to the 
motor torque signal 24 and the motor position 
signal 40, preferably from the look-up 29 within the 
main controller 26. The actual control value will be 
interpolated for smooth control. Alternatively, rather 
than utilizing a look-up table, similar to that 
disclosed in U.S. Patent No. 5,475,289, the 
controller 26 may mathematically calculate 
corresponding current values by known motor control 
algorithms. The current values correspond to the 
amount of current that is to be applied to the electric 
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assist motor 22 by the drive circuit 44 in order to 
achieve the desired amount of steering assist. 

The process proceeds to step 106 in which the main 
controller 26 outputs the current drive signal 42 which 
are provided to the drive circuit 44. The phase 
current drive signal 42 preferably is a plurality of 
pulse-width-modulated signals for gating the individual 
FETs that form the drive circuit 44. The PWM drive 
signals 42 gate the FETs so as to provide a desired AC 
signal for each of the motor phases. Preferably, drive 
circuit 42 provides AC current signals to each phase of 
the three phase electric motor 22, each signal being 
phase shifted by 120°. Accordingly, the FETs of the 
drive circuit 44 are controlled by the main 
controller 2 6 to provide an appropriate AC input 
current at each of the phases A, B, and C according to 
the applied input torque or any other desired vehicle 
parameters . 

The process then proceeds to step 108 where the 
main controller 26 performs diagnostics. The 
diagnostics, for example, may include temperature 
sensing of the FETs in the drive circuit 44, stall 
detection of the electric assist motor 22 by signal 47 
as well as other known diagnostic functions. Such 
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diagnostics also may include monitoring a communication 
link 66 between the secondary controller 54 and the 
main controller 26. Pertinent data may be exchanged 
over the communication link 66 to enable the main 
5 controller 26 to diagnose a possible failure of the 

overseer 54. The secondary controller 54 also might 
monitor the operation of the main controller 26 so as 
to determine the existence of an abnormal condition in 
the main controller. Upon completing the desired 
10 diagnostics, the process returns to step 100. 

In Fig. 3, the control process of the secondary 
controller 54 begins at step 120 by the -secondary 
controller monitoring the applied input torque 
signal 24. 

15 Next, the process continues to step 124 with the 

secondary controller 54 monitoring the relative 
position between the rotor and stator of the motor 22. 
The motor position data is provided through the motor 
position signal 40 from the motor position sensor 36. 

20 The process then proceeds to step 126 where the 

secondary controller 54 determines a DQ vector as a 
function of the applied steering torque and motor 
position. It is known that motor torque may 
mathematically be determined as the vector cross 
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product of the rotor flux and the stator magnito-motive 
force { "MMF" ) . The DQ vector control analysis is a 
two-dimensional representation of a motor current or 
voltage corresponding to the value of the applied 
steering torque indicated by the applied torque 
signal 24. The DQ vector may be represented as either 
a voltage or current vector, each having a D-axis 
component and a Q-axis component in the rotating 
coordinates. The D-axis refers to the direct or 
permanent flux linkage associated with the rotor 
magnets of the electric assist motor 22, i.e., the 
rotor flux. The Q-axis refers to the stator MMF, which 
leads the rotor flux by 90 Q , i.e., it is in quadrature 
with the D-axis. 

Because the relative position of the rotor and 
stator is known, the individual D-axis and Q-axis 
components of motor voltage or current are determined 
by DQ transformation as a function of the applied 
torque value and the motor position value. 

The determined DQ vector value is a 
two-dimensional vector representation of the motor 
current or motor voltage corresponding to the 
three-phase motor current or voltage values as 
determined by the main controller 26. The accuracy of 
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the DQ transformation is improved by obtaining a 
relatively high resolution motor position value from 
the motor position sensor 36. Accordingly, the motor 
position sensor may include a plurality of sensing 
devices configured to provide the desired high 
resolution indication of motor position. 

The process proceeds to step 128 where the 
secondary controller 54 converts the DQ vector value 
into a three-phase voltage value by applying an 
appropriate DQ transform to the previously determined 
DQ vector value. Provided that the main controller and 
secondary controller are operating properly, the 
converted three-phase voltage or current values should 
agree with the actual voltage or current values of the 
electric assist motor 22. 

The process continues to step 130. In step 130, 
the secondary controller 54 monitors the phase voltages 
currents of each phase A, B, and C of the electric 
assist motor 22. The converted phase voltage values 
and the monitored phase voltage or current values are 
appropriately normalized to a desired voltage level, 
suitably according to the voltage level from voltage 
regulator 34 . 
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The process proceeds to step 132 where the 
secondary controller 54 compares the converted phase 
voltage values and the monitored phase voltage or 
current values. This determination is made to verify 
that the electric assist motor 22 is operating at a 
level corresponding to the applied steering torque. 
This, in turn, also verifies whether the electric 
motor 22 and the drive circuit 44 are responding 
properly to the current command signals 42 from the 
main controller 26. 

The process then proceeds to step 134 where it is 
determined whether the converted phase voltage values 
agree with the monitored phase voltage values of the 
electric assist motor 22, i.e., are they within a 
predetermined amount. If the determination is 
affirmative, the process returns to step 120 where the 
process repeats. On the other hand, if the' 
determination is negative, such as where the converted 
phase values differ from the monitored phase values by 
a predetermined amount, the process proceeds to 
step 136. 

In step 136, the secondary controller 54 provides 
signal 60 to the power relay 62 so as to disable the 
electric assist motor 22. Upon receiving the 
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signal 60, the power relay 62 deactivates the electric 
assist motor 22 by disconnecting the motor 22 from the 
power supply 32. 

While the main controller 26 described above 
preferably utilizes a look-up table to determine the 
three-phase current command signal 42, it will be 
appreciated that, alternatively, the current command 
signal may be determined in using a DQ vector 
transformation, as illustrated in Fig. 4 and described 
above with respect to the secondary controller 54. 
With the main controller using DQ vector 
transformation, the secondary controller could utilize 
either DQ transformation, as described above, or it 
could be configured to include a look-up table to 
determine the phase voltage or current values. The 
secondary controller 54 then would confirm the proper 
operation of the electric motor 22 as described above. 

The secondary controller 54 also may be configured 
to communicate with the main controller 26 over 
communication link 66. Such communication could be 
used to effect an incremental increase or decrease in 
the current command signal 42 in response to the 
results of the comparison performed by the secondary 
controller 54 . 
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It further will be understood that, rather than 
the secondary controller 54 transforming the DQ vector 
values to three phase voltage or current values prior 
to step 134, the monitored three phase voltage or 
current values from the monitoring device 58 could be 
transformed into DQ axis components. The values of 
such monitored DQ axis components are then compared 
with the corresponding values of the determined DQ 
vector to determine whether such values substantially 
agree. If the values do not agree (e.g., they differ 
by more than a predetermined amount) the secondary 
controller 54 disables the electric assist motor 22 
through activation of the power relay 62, as described 
above . 

It should also be appreciated that the functions 
performed by the two controllers 26, 54 could be 
accomplished using a single controller. 

A method for controlling an electric assist motor 
in accordance with the present invention comprises 
determining a first set of motor control values in 
response to applied steering torque, energizing the 
electric motor in response to the first set of motor 
control values, the motor having operating values when 
energized, determining a motor control value from the 
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motor operating values, determining a second set of 
motor control values in response to the applied 
steering torque, and disabling the motor when the 
determined motor control value from the motor operating 
values is inconsistent with the determined second set 
of motor control values responsive to applied steering 
torque. Being inconsistent means that the signs of the 
determined values are not equal or that the determined 
values are different by a predetermined amount. 

From the above description of the invention and 
the included appendices, those skilled in the art will 
perceive improvements, changes and modifications. Such 
improvements, changes and modifications within the 
skill of the art are intended to be covered by the 
appended claims. 
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Having described the invention, the following is 
claimed : 

1. A method for controlling an' electric assist 
motor comprising: 

determining a first set of motor control 
values in response to applied steering torque; 

energizing the electric motor in response to 
said first set of motor control values, the motor 
having operating values when energized; 

determining a motor control value from the 
motor operating values; 

determining a second set of motor control 
values in response to the applied steering torque; and 

disabling said motor when said determined 
motor control value from the motor operating values is 
inconsistent with said determined second set of motor 
control values responsive to applied steering torque. 

2. The method of claim 1 wherein the electric 
assist motor is a multi-phase motor and said step of 
determining said first set of motor control values uses 
a DQ transformation to determine a first set of DQ 
motor control values. 
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3. The method of claim 2 wherein said step of 
determining a motor control value from the motor 
operating values includes determining DQ values as a 
function of at least monitored motor current and 
position. 

4. The method of claim 3 wherein said step of 
determining a second set of motor control values 
includes determining a second set of DQ motor control 
values in response to the applied steering torque. 

5. The method of claim 4 wherein said step of 
disabling includes comparing the determined Q value 
which is a function of monitored motor current and 
position with the determined Q value which is a 
function of applied steering torque, said motor being 
disabled when at least one of signs of said Q values 
and magnitudes are inconsistent. 

6. A method for controlling an electric assist 
steering system having a permanent magnet AC motor, 
said method comprising the steps of: 

determining first motor control values in 
response to applied steering torque; 
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energizing said motor based on the first 
motor control values, the motor having operating values 
when energized; 

determining second motor control values using 
a DQ transformation; and 

disabling said motor when said operating 
value and said second control value are not consistent. 

7. A method as set forth in claim 6 wherein said 
step of determining first motor control values further 
comprises determining the first motor control value 
using a look-up table. 



8. A method as set forth in claim 6 wherein said 
step of determining first motor control values further 
comprises determining the first motor control values 
using a DQ transformation. 

9. An apparatus for controlling an AC electric 
motor having a plurality of phases comprising: 

a first controller operative to receive an 
applied torque signal and a motor position signal, said 
first controller providing output signals operative to 
energize each phase of the electric motor in response 
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to the applied torque signal and said motor position 
signal ; 

a second controller operative to receive the 
applied torque signal, the motor position signal, and 
monitored phase signals indicative of at least one of a 
voltage or current condition of each phase of the 
electric motor, said second controller determining a DQ 
vector value according to the applied torque signal, 
the DQ vector value being indicative of at least one of 
a voltage condition and a current condition 
corresponding to the applied torque signal, said second 
controller transforming the DQ vector value into 
calculated phase values indicative at least one of a 
voltage and a current for each phase of the electric 
motor according to the motor position signal; and 

a relay device operatively connected with the 
electric motor, said relay device being effective to 
disable the electric motor if the calculated phase 
values disagree with the actual phase signals of the 
electric motor. 
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10. An electric assist steering system 
comprising : 

a torque sensor which senses applied steering 
torque and provides an applied torque' signal; 

a motor position sensor which senses the 
relative position between the rotor and the stator of 
an AC permanent magnet electric assist motor and 
provides a high resolution motor position signal 
indicative thereof; 

a first controller operative to control 
energization of the electric assist motor in response 
to the applied torque signal and said motor position 
signal ; 

a second controller which determines a DQ 
vector value indicative of at least one of motor 
voltage and motor current as a function of the applied 
torque signal, said second controller transforming the 
DQ vector value into at least one of a transformed 
phase voltage value and a transformed phase current 
value for each phase of the electric assist motor, said 
second controller monitoring at least one of the 
voltage and current of each phase of the electric 
assist motor and comparing the transformed phase values 
with the monitored phase values and said second 
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controller detecting an abnormality in" said system if 
the transformed values are inconsistent. 

11. A system as set forth in claim 10 further 
comprising a relay device, wherein said second 
controller provides a relay signal upon said second 
controller detecting the abnormality in said system, 
said relay device disabling the electric assist motor 
in response to the relay signal of said second 
controller . 

12. A method for controlling an electric assist 
steering system having a permanent magnet electric 
assist motor comprising the steps of: 

monitoring applied steering torque; 

determining an assist drive current value in 
response to the monitored applied steering torque from 
a lookup table; 

energizing the electric assist motor in 
response to the determined drive current value; 

monitoring a value corresponding to at least 
one of a motor voltage value and a motor current value 
of the electric assist motor when energized by the 
drive current value; 



WO 00/48047 



PCT/USOO/03378 



-28- 

monitoring motor position; 

determining a DQ vector value in response to 
said the monitored motor position and the monitored 
motor current; 

determining a DQ vector value in response to 
applied steering torque; 

comparing the determined DQ vector responsive 
to monitored motor position and current with the 
DQ value responsive to applied steering torque; and 

disabling the electric assist motor if said 
step of comparing indicates inconsistent DQ values. 



WO 00/48047 PCT/US00/03378 

1/2 



DQ TRANSFORMATION 



OVERSEER 
CONTROLLER 



A A A ^ 



STEERING 
WHEEL 



-12 



OTHER 
VEHICLE 
PARAMETERS 



'14 



29- 



16 



TORQUE 
SENSOR 



r v 



54 



20 



24 



18 



28 



TABLE 



30 26 

V 



MAIN 
CONTROLLER 



40 



MOTOR 
POSITION 
SENSOR 



STEERABLE | 
WHEELS 



60 



56 



VOLTAGE/ 
CURRENT 
MONITOR 




I 1 



58 



TEMP SENSOR] 



46 



r 



66 



regulator] 



J 



34 



BATTERY 



32 



10 



45 



Rg.1 



WO 00/48047 



2/2 



PCT/USOO/03378 



MONITOR 

INPUT 
TORQUE 



A 00 



MONITOR 
MOTOR 
POSITION 



102 
104 



DETERMINE MOTOR CURRENT 
VALUE FROM LOOK-UP TABLE 



106 



OUTPUT 3 PHASE CURRENT 
DRIVE SIGNALS 



PERFORM 
DIAGNOSTICS 



108 
\J 



Fio.2 



MONITOR 

INPUT 
TORQUE 



MONITOR 
MOTOR 
POSITION 



DETERMINE 
DQ VECTOR 



CONVERT DQ VECTOR 
INTO PHASE VOLTAGE VALUES 



OUTPUT 3 PHASE CURRENT 
DRIVE SIGNALS 



Fig.4 



PERFORM 
DIAGNOSTICS 

1 



MONITOR 

INPUT 
TORQUE 



120 



MONITOR 
MOTOR 
POSITION 



124 



DETERMINE 
DQ VECTOR 



•126 
— 128 



CONVERT DQ VECTOR 
INTO PHASE VOLTAGE VALUES 



MONITOR 

PHASE 
VOLTAGES 



130 
132 



COMPARE CONVERTED PHASE 
VOLTAGE VALUES AND 
MONITORED PHASE VOLTAGE VALUES 



YES 



DO 

CONVERTED 
AND MONITORED 
VALUES AGREE 

9 



134 



OPEN 
POWER 
RELAY 



136 



Fig.3 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCTAJSOO/03378 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) : G05B 5/00, H02H 7/08, H02P 1/04, H02P 3/00. H02P 7/00 

USCL : 318/489 
According to Iniemational Patent Classification (IPC) or to both national classification and IPC 



B. 



FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 318/489, 488, 648, 638; 180/6.2, 6.44, 6.5, 404, 443, 446 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 
None 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
None 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category » 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



Y 
Y 
Y 

A,P 

A 

A 



US 5,475,289 A (McLaughlin et aL) 12 December 1995 (12.12.1995), Abstract and column 
5, line 27 - column 10, line 67. 

US 5,787,376 A (Nisbino et al.) 28 July 1998 (28.07. 1998), Abstract and column 6, line 10 
- column 13, line 2. 

US 5,355,315 A (Daido et al.) 11 October 1994 (11.10.1994), Abstract and column 4, line 
23 - column 6, line 43. 

US 5,913,913 A (Okanoue et al.) 22 June 1999 (22.06.1999), see entire document. 
US 4,719,396 A (Shimizu) 12 January 1988 (12.01.1988), see entire document. 
US 4.895,216 A (Fusimi et al.) 23 January 1990 (23.01.1990), see entire document. 



1-12 

1-12 

1-12 

1-12 
1-12 
1-12 



□ 



Further documents are listed in the continuation of Box C. 



□ 



See patent family annex. 



• Special categories of cited documents: 

"A" document defining d» general state of the ait which is not considered to be 
of particular relevance 

"E" earlier application or pa tent p ubl ishe d on or after the international filing date 

"L" rtnnrmrnt which may throw doubts on priority claim(s) or which is died to 
establish the publication date of another ciiaiion or other special reason (as 
specified) 

»0" dnriimmt referring to an oral disclosure, use, exhibition or other means 

"P" document published prior to the thT&nationai filing date but later than the 
priority (fc 



Later <i<v»itn ynt published a fter the international filin g dans or priority 
date and not in conflict with the application but eked to understand the 
principle or theory underlying the invention 

document of particular relevance; the claimed invention cannot be 
con s idere d novel or cannot be c o ns i dered to involve an inventive step 
w h e n nr is taken alone 



document of particular relevance; the claimed invention 
considered to involve an Inventive step when the 
combined with one or more other such do cuments , 
being obvious to a person skilled in the art 



document is 



c patent family 



Date of the actual completion of the international search 



Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D C. 20231 
Facsimile No. (703)305-3230 



Date of mailing of the international search report 

2000 



43M. 

\utnorized office 



Auifiorized officer 
Robert Nappi 

Telephone No. (703)308-0956 




Form PCT/ISAttlO (second sheet) (July 1998) 



